Abstract. Although gemcitabine (2',2'-difluorocytidine monohydrochloride) is a common anticancer agent of cholangiocellular carcinoma (CCC), its growth inhibitory effects and gemcitabine resistance in CCC cells are poorly understood. Our aims were to uncover the mechanism underlying the antitumor effect of gemcitabine and to analyze the mechanism regulating in vitro CCC cell gemcitabine resistance. In addition, we sought to identify miRNAs associated with the antitumor effects of gemcitabine in CCCs. Using a cell proliferation assay and flow cytometry, we examined the ability of gemcitabine to inhibit cell proliferation in three types of human CCC cell lines (HuCCT-1, Huh28, TKKK). We also employed western blotting to investigate the effects of gemcitabine on cell cycle-related molecules in CCC cells. In addition, we used array chips to assess gemcitabine-mediated changes in angiogenic molecules and activated tyrosine kinase receptors in CCC cells. We used miRNA array chips to comprehensively analyze gemcitabine-induced miRNAs and examined clusters of differentially expressed miRNAs in cells with and without gemcitabine treatment. Gemcitabine inhibited cell proliferation in a dose-and time-dependent manner in HuCCT-1 cells, whereas cell proliferation was unchanged in Huh28 and TKKK cells. Gemcitabine inhibited cell cycle progression in HuCCT-1 cells from G0/G1 to S phase, resulting in G1 cell cycle arrest due to the reduction of cyclin D1 expression. In addition, gemcitabine upregulated the angiogenic molecules IL-6, IL-8, ENA-78 and MCP-1. In TKKK cells, by contrast, gemcitabine did not arrest the cell cycle or modify angiogenic molecules. Furthermore, in gemcitabine-sensitive HuCCT-1 cells, gemcitabine markedly altered miRNA expression. The miRNAs and angiogenic molecules altered by gemcitabine contribute to the inhibition of tumor growth in vitro.
Introduction
Cholangiocellular carcinoma (CCC) is the second most common type of primary liver cancer, accounting for 5-10% of primary liver cancer (1) (2) (3) . CCC is an aggressive malignancy, and has one of the worst prognosis of the gastrointestinal cancers (4). The incidence and mortality rates of biliary tract cancers, including CCC are increasing worldwide (1, 2, 4) . Since CCC is an enigmatic malignancy of the biliary tract and is highly chemoresistant (6) , there is currently no curative treatment other than surgical resection (5) .
Recently, gemcitabine (2',2'-difluorocytidine monohydrochloride), a pyrimidine analogue, has been clinically utilized to treat patients with CCC, either as a single agent or in combination with cisplatin (GC) or S-1 (GS). Many studies have demonstrated that gemcitabine is somewhat effective in patients with advanced CCC (1, 2, 7, 8) . However, the growth inhibitory effect and gemcitabine resistance of CCC cells are poorly understood (1) . Our study aims to investigate the mechanisms underlying the antitumor effect of gemcitabine as well as CCC cell resistance to gemcitabine.
Micro-RNAs (miRNAs) are small, endogenous, noncoding RNAs that can modulate protein expression by regulating translational efficiency or the cleavage of target mRNAs (6) . Aberrant miRNA expression is a common feature of various human malignancies (9) , and some studies have demonstrated that specific miRNAs are expressed in CCC cells compared with non-malignant cells (10) . In addition, many studies, including our own, have reported that miRNAs play an important role in the antitumor effect of anticancer therapeutics (9, 11, 12) . Therefore, the present study was undertaken to identify the miRNAs associated with the antitumor effects of gemcitabine in CCC. 
Mechanism of gemcitabine-induced suppression of human cholangiocellular carcinoma cell growth

Materials and methods
Chemicals. Gemcitabine was purchased from Eli Lilly Japan (Hyogo, Japan). The Cell Counting Kit (CCK-8) was purchased from dojindo Laboratories (Kumamoto, Japan), and all other chemicals were obtained from Sigma Chemical Co., Ltd.
(Tokyo, Japan).
Antibodies. In this study, the following antibodies were used: anti-β-actin monoclonal antibody (Sigma-Aldrich; A5441, used at 1:3,000); cyclin D1 (Thermo Fisher Scientific, Waltham, MA, USA; Rb-9041, used at 1:1,000); Cdk4 (Cell Signaling Technology, danvers, MA, USA; no 2906, used at 1:1,000); Cdk6 (Santa Cruz biotechnology, Santa Cruz, CA, USA; sc-177, used at 1:1,000); and secondary horseradish peroxidase (HRP)-linked anti-mouse and anti-rabbit IgG antibodies (GE Healthcare, buckinghamshire, UK; used at 1:2,000).
Cell lines and cultures. The human CCC cell lines HuCCT-1, Huh28 and TKKK were studied. HuCCT-1 and Huh28 were obtained from the Japanese Cancer Research Resources bank, and TKKK was provided by the RIKEN bRC through the National bio-Resource Project of the MEXT, Japan. The cells were passaged in our laboratory for fewer than 6 months, and the cell lines were authenticated by the cell bank using short tandem repeat PCR. HuCCT-1 cells were grown in RPMI-1640 (Gibco, Invitrogen, USA); TKKK was grown in dMEM (High Glucose with L-Glutamine and Phenol Red, Wako, Osaka, Japan), and Huh28 was grown in MEM (Gibco, Invitrogen). These media were supplemented with 10% fetal bovine serum (Wako, 533-69545, Japan) and penicillin-streptomycin (100 mg/l, Invitrogen), and the cells were cultured in a humidified atmosphere of 5% CO 2 at 37˚C.
Cell proliferation assay. Cell proliferation assays were conducted using CCK-8 according to the manufacturer's instructions, as in our previous studies (9, 11, 12) . Each cell line (1x10 4 ) was seeded into a well of a 96-well plate and cultured in 100 µl of each culture medium. After 24 h, cells were treated with 0.001, 0.01, 0.1 or 1 µg/ml gemcitabine or left untreated. At the indicated time points, the medium was changed to 110 µl of culture medium supplemented with CCK-8 reagent (10 µl CCK-8 and 100 µl of each culture medium), and the cells were incubated for 2 h. Absorbance was measured at a wavelength of 450 nm using an auto-microplate reader.
Preparation of cell lysates. Lysates were collected according to the methods described in our previous studies (9, 11, 12) . All steps were performed at 4˚C. Protein concentrations were measured using a dye-binding protein assay based on the bradford method (13) .
Gel electrophoresis and western blotting. Samples were electrophoresed using 7.5-10% SdS-PAGE according to the Laemmli method (14) , and the proteins were transferred to nitro-cellulose membranes. Western blots were performed according to Towbin et al (15) . Briefly, the membranes were incubated with primary antibodies after blocking and then with HRP-conjugated secondary antibodies. Immunoreactive proteins were visualized with an enhanced chemiluminescence detection system (Perkin Elmer Co.) on X-ray film, as described in our previous studies (16) (17) (18) .
Flow cytometric analysis.
To evaluate the mechanism of growth inhibition by gemcitabine, the cell cycle profile was analyzed following treatment. HuCCT-1 cells (1.0x10 6 cells in a 6-well plate dish) were treated with 0.1 µg/ml gemcitabine or without gemcitabine for 24-72 h. After treatment, the cells were harvested and fixed in 80% ethanol, washed with PBS, and stored at -20˚C until flow cytometric analysis was conducted as in our previous studies (9, 11, 12) . Prior to analysis, the cells were washed in cold PbS and resuspended in 100 µl of PbS and 10 µl of RNase A solution (250 µg/ml), followed by incubation for 30 min at 37˚C. A total of 110 µl of propidium iodide (PI) stain (100 µg/ml) was added to each tube, which was then incubated at 4˚C for at least 30 min prior to analysis. Flow cytometric analysis was conducted using a Cytomics FC 500 flow cytometer (beckman Coulter) with an argon laser (488 nm). The percentage of cells in different phases of the cell cycle was analyzed using FlowJo software (Tree Star). All experiments were performed in triplicate.
Angiogenic profile analysis using an antibody array. The Raybio™ Human Angiogenesis Antibody Array 1 kit (catalog no. AAH-ANG-1) was purchased from Raybiotech Inc. (Norcross, GA, USA). The assay for the array was performed according to the manu facturer's instructions as in our previous studies (9, 11, 12) . Briefly, the angiogenesis antibody membranes were incubated in blocking buffer for 30 min. The membranes were then incubated with 1 ml of lysate prepared from cell lines after the protein concentrations were normalized. After washing with TbS containing 0.1% v/v Tween-20 3 times for 10 min, and TbS alone 2 times for 10 min to remove unbound materials, the membranes were incubated for 2 h at room temperature with anti-phospho-tyrosine-HRP antibody. The unbound HRP antibody was removed with TbS containing 0.1% Tween-20. Finally, each array membrane was exposed to X-ray film using a chemiluminescence detection system (Perkin Elmer Co.). The density of the immunoreactive band obtained on this array was analyzed by densitometric scanning (Tlc scanner; Shimizu Co. Ltd., Kyoto, Japan).
Antibody arrays of phosphorylated receptor tyrosine kinase (p-RTK).
The Raybio Human Phospho Array kit (catalog no. ARY 001) was purchased from Raybiotech Inc. The assay for p-RTK array was performed according to the manufacturer's instructions, as in our previous studies (9, 11, 12) . briefly, p-RTK array membranes were blocked with 5% bSA/TbS (0.01 M Tris-HCl, pH 7.6) for 1 h. Membranes were then incubated with 2 ml of lysate prepared from cell lines after normalization with equal amounts of protein.
After washing with TbS containing 0.1% v/v Tween-20 (3 washings for 10 min each) and TbS alone (2 washings for 10 min each) to remove unbound materials, the membranes were incubated with anti-phospho-tyrosine-HRP antibody for 2 h at room temperature. The unbound HRP antibody was removed with TbS containing 0.1% Tween-20. Finally, each array membrane was exposed to X-ray film using a chemiluminescence detection system (Perkin Elmer Co.). The density of the immunoreactive band obtained on the p-RTK array was analyzed by densitometric scanning (Tlc scanner; Shimizu Co. Ltd.).
Analysis of the miRNA array. The samples from the cancer cell lines were processed for total-RNA extraction with a miRNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions as used in our previous studies (9, 11, 12, 19) . RNA samples typically showed A260/280 ratios between 1.9 and 2.1, as determined using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
After RNA measurement with an RNA 6000 Nano kit (Agilent Technologies), the samples were labeled using a miRCURY Hy3 Power labeling kit and hybridized on a human miRNA Oligo chip (v.20.0; Toray Industries, Tokyo, Japan). Scanning was performed with a 3d-Gene Scanner 3000 (Toray Industries). 3D-Gene extraction version 1.2 software (Toray Industries) was used to read the raw intensity of the image. To determine the change in miRNA expression between gemcitabine-treated and control samples, the raw data were analyzed via GeneSpringGX v10.0 (Agilent Technologies). Samples were first normalized relative to 28s RNA and baseline-corrected to the median of all samples.
Replicate data were consolidated into two groups: those from gemcitabine-treated cells and those from control cells and were organized using the hierarchical clustering and analysis of variance (ANOVA) functions in the GeneSpring software. Hierarchical clustering was conducted using the clustering function (condition tree) and Euclidean correlation as a distance metric. To search for the miRNAs that varied most prominently across the different groups, two-way ANOVA and asymptotic p-value computation were performed on the samples without any error correction. The p-value cutoff was set to 0.05. Only changes >50% in at least one of the time points for each sample were considered significant. All data were scaled by global normalization, and the significance of differentially expressed miRNAs was analyzed by Student's t-test.
All our micoroarray data in this study were submited as a complete data set to the NCBI Gene Expression Omnibus (GEO), no. GSE 67257. http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?token=ghafokcytjgnrwt&acc=GSE67257
Statistical analyses. All analyses were performed using the computer-assisted JMP8.0 (SAS Institute, Cary, NC, USA). Paired analysis between the groups was performed using Student's t-test. A p-value of 0.05 was considered to indicate a significant difference between groups.
Results
Gemcitabine inhibits human CCC cell proliferation.
To evaluate the effect of gemcitabine on human CCC cell growth activity in vitro, we examined the effect of gemcitabine on the proliferation of the 3 CCC cell lines HuCCT-1, Huh28 and TKKK. The cells were grown in 10% FbS and treated with 0.001, 0.01, 0.1, 1 or, as a control, 0 µg/ml gemcitabine. The cell proliferation assay was conducted 3 days after the addition of the reagents. As shown in Fig. 1 , gemcitabine (0, 0.001, 0.01, 0.1 and 1 µg/ml) led to a dose-and time-dependent decrease in cell proliferation in HuCCT-1 cells that was not observed in Huh28 or TKKK cells.
Flow cytometry analysis.
To further investigate the inhibition of HuCCT-1 cell proliferation in the presence of gemcitabine, cell cycle progression was examined by flow cytometry. We treated proliferating HuCCT-1 cells with 0.1 µg/ml gemcitabine for different time durations. Following the addition of 0.1 µg/ml gemcitabine, the fraction of HuCCT-1 cells in the G0/G1 phase increased to 71.1 and 71.5% after 24 and 48 h, respectively, and the fraction of cells in S phase decreased to 28.5% and 27.6% after 24 and 48 h, respectively ( Fig. 2A  and b) . These data suggest that gemcitabine inhibits HuCCT-1 proliferation by preventing cell cycle progression from G0/G1 into S phase, resulting in G1 cell cycle arrest. The effects of gemcitabine in HuCCT-1 based on this flow cytometric analysis are consistent with the cell proliferation assay, as shown in Fig. 1 . In contrast, flow cytometric analysis suggested that gemcitabine treatment of TKKK cells did not result in G1 cell cycle arrest ( Fig. 2C and d) .
Effects of gemcitabine on cell cycle regulatory proteins in
HuCCT-1. To further study the effects of gemcitabine on the cell cycle, the expression of cell cycle-related proteins was studied using western blots in treated and untreated HuCCT-1 and TKKK cells. Cells were treated with 0.1 or 0 µg/ml gemcitabine for 24 or 48 h. Cyclin D1 expression at the G0-G1 transition was notably decreased at 24 h and slightly apparent at 48 h in treated versus untreated HuCCT-1 cells (Fig. 3) . In addition, the catalytic subunits of cyclin d1, namely, Cdk4 and Cdk6, were not changed after 24 or 48 h with or without 0.1 µg/ml gemcitabine treatment in HuCCT-1 (Fig. 3) . The expression of cyclin D1, Cdk4 and Cdk6 remained unchanged in TKKK cells, which are not sensitive to gemcitabine. based on these results, the gemcitabine-mediated anti-proliferative effects and cell cycle arrest were due to the reduction of cyclin d1.
Differences in angiogenesis-related protein expression in
HuCCT-1 and TKKK cells with or without gemcitabine treatment. We used an angiogenesis antibody array system to identify the key angiogenesis-related proteins in terms of the antitumor effect of gemcitabine. Using an antibody array (Fig. 4A) , we simultaneously screened the expression of 20 angiogenic molecules in HuCCT-1 and TKKK cells with or without 0.1 µg/ml gemcitabine treatment. In HuCCT-1 cells, which were sensitive to gemcitabine, the expression of interleukin (IL)-6, IL-8, ENA-78 and MCP-1 was increased after 48 h of treatment with 0.1 µg/ml gemcitabine, as detected by the protein array (Fig. 4b) . In TKKK cells, which are resistant to gemcitabine, there was no difference in the expression of angiogenic molecules between gemcitabine-treated and untreated cells (Fig. 4C) . The IL-6, IL-8, ENA-78 and MCP-1 densities obtained from the membrane array were analyzed using the Kodak Image Station (Eastman Kodak), and the densitometric ratios of gemcitabine-treated to non-treated HuCCT-1 cells for IL-6, IL-8, ENA-78 and MCP-1 spots were 817, 165, 156 and 633%, respectively (Fig. 4d) .
Differences in phosphorylated-receptor tyrosine kinases p-(RTKs) in HuCCT-1 and TKKK cells with or without gemcitabine treatment.
Having established the antitumor effects of gemcitabine in CCC cell lines, we next used a phosphorylated-RTK array system to identify the key RTKs in terms of antitumor effects. Using an antibody array (Fig. 5A) , we simultaneously screened the expression of 42 different RTKs in HuCCT-1 and TKKK cells after 48 h with or without 0.1 µg/ml gemcitabine treatment. RTKs activation was not changed by gemcitabine treatment in HuCCT-1 or TKKK cells ( Fig. 5b and C) .
Differences in miRNA expression in HuCCT-1 cells with or without gemcitabine treatment in vitro.
Using a custom microarray platform, we studied the in vitro expression levels of 2555 human miRNA probes in two cell lines (gemcitabinesensitive HuCCT-1 cells and gemcitabine-resistant TKKK cells) with or without gemcitabine treatment. Unsupervised hierarchical clustering analysis using Pearson's correlation demonstrated that HuCCT-1 cell lines treated in vitro with gemcitabine, clustered together, separate from untreated cell lines (Fig. 6 ). These subsets of 137 microRNAs in the HuCCT-1 cell lines exhibited significantly (p<0.05) different expression levels between the gemcitabine-treated and control groups. As shown in Table I , when in vitro miRNA expression was studied in gemcitabine-treated and untreated HuCCT-1 cells, 95 miRNAs were significantly upregulated after 48 h, while 11 miRNAs were downregulated. These 106 HuCCT-1 miRNAs exhibited a >1.5-fold alteration in expression levels between the gemcitabine-treated and control groups.
In TKKK cells, which were resistant to gemcitabine, 1 miRNA was upregulated and 16 miRNAs were downregulated (Table II) . In Tables I and II, (Tables I and II) and downregulated in gemcitabine-treated TKKK cells (Table III) .
Discussion
The incidence of CCC, the second most common tumor of primary liver cancers in adults, is rising worldwide (1). Currently, there is no curative treatment other than surgical resection (2, 5, 20) . Conventional chemotherapy is not always effective, because CCC is a highly chemo-resistant malignancy (2,6). Therefore, it is necessary to study the mechanism of growth inhibitory effect and gemcitabine resistance in CCC cells.
In the present study, gemcitabine treatment in the three human cell lines led to a strong, dose-dependent inhibition of cell proliferation in only HuCCT-1 cells. In the gemcitabinesensitive HuCCT-1 cells, the anti-proliferative effect of gemcitabine led to G1 arrest through a reduction of cyclin d1. Although some studies have reported that gemcitabine could inhibit cell-phase transitioning during G1 phase (1, 21) , to date, there are no studies on cyclin d1 reduction as an anticancer effect of gemcitabine in CCC cells. This study revealed that gemcitabine induced a cell cycle arrest at the G0/G1 phase by reducing cyclin d1 levels in HuCCT-1 cells in vitro. Gemcitabine did not exert an anti-proliferative effect on the other cell lines, Huh28 and TKKK. These results support that some CCCs might be highly chemoresistant to clinical treatment.
Angiogenic profile analysis revealed that in gemcitabinesensitive HuCCT-1 cells, gemcitabine upregulated IL-6, IL-8, ENA-78 and MCP-1. IL-6, IL-8, ENA-78 and MCP-1, which are not only related to angiogenesis but are also involved in the promotion of cell proliferation (22) (23) (24) (25) . Studies suggest that these molecules are upregulated in various cancers including cholangiocarcinoma (22) (23) (24) (25) . In addition, IL-8, IL-6 and MCP-1 overexpression was associated with a worse prognosis of patients with various cancers (22, 23, 25) . These events suggest that CCC patients might acquire gemcitabine resistance, even if they are initially sensitive. Acquired gemcitabine resistance might be due to the gemcitabine-induced upregulation of IL-6, IL-8, ENA-78 and MCP-1. These data suggest that the application of gemcitabine for CCC treatment might be limited. miRNAs are small, endogenous, noncoding RNA sequences that can modulate protein expression by regulating translational efficiency or the cleavage of target mRNA molecules (6) . To identify the miRNAs associated with antitumor effect and acquired gemcitabine resistance, we used a miRNA array to measure the variation in HuCCT-1 cell lines cultured with or without gemcitabine. In the cluster analysis, we demonstrated that treating HuCCT-1 with gemcitabine affects various miRNAs. In the present study, sets of miRNAs had significantly altered expression levels. In HuCCT-1 cells, these altered miRNAs may provide clues to the molecular basis of the gemcitabine anticancer effects. Of note, the following tumor suppressor miRNAs were upregulated in gemcitabine-treated HuCCT-1 cells: miR-23b-3p, miR-22-3p, miR-29c, miR-660, let-7a, miR-146a, miR-214, miR-204, miR-100, miR-29a, miR-23a, miR-24 and miR-34a. These results suggest that the inhibition of cell proliferation by gemcitabine might be due to the induction of tumor suppressor miRNAs.
In previous studies, we demonstrated that members of the let-7 family, altered by the antidiabetic drug metformin, contribute to cell growth inhibition (9, 11) . In the present study, gemcitabine upregulated let-7a in HuCCT-1 cells. The let-7 family contains 13 members and is recognized as a class of miRNAs that induce tumor-suppressing effects. Reduction of let-7 family members have been reported in various cancers, including lung cancer (26) , breast cancer (27) , colorectal cancer (28), gastric cancer (11), and hepatocellular carcinoma (29) . The let-7 family members act as tumor suppressor molecules by binding target oncogenes, such as Ras (30), HMGA2 (31) and c-Myc (32). In addition, Liu et al reported that let-7a reduced c-Myc and the c-Myc target gene cyclin d1, leading to cell cycle arrest and the inhibition of proliferation (33) . These events suggest that the suppression of cancer cell proliferation by gemcitabine may result, in part, from the upregulation of let-7a.
miR-214 inhibits cell growth in hepatocellular carcinoma (HCC) through suppression of β-catenin (34) . In addition, miR-214 results in the suppression of cyclin d1, a downstream gene of the Wnt-β-catenin pathway (34) . Since cyclin d1 is also a target of miR-34a in HCC (35) , the upregulation of miR-34a reduces cyclin D1 expression (36) . The upregulation of let-7a, miR-214 and miR-34a may reduce cyclin d1 in gemcitabinetreated HuCCT-1 cells.
Among the miRNAs downregulated in gemcitabinetreated HuCCT-1 cells, miR-1260b (37), miR-4286 (38), miR-222 (39-43) and miR-210 (44) were upregulated in several cancers. Collectively, the antitumor effects of gemcitabine in HuCCT-1 cells might be related to the reduction of these miRNAs. miR-1260b, in particular, has been recognized as an onco-miRNA, because the antitumor effect molecule genistein downregulates onco-miR-1260b and inhibits the Wnt-β-catenin signaling pathway, which is involved in cell growth (37) . The Wnt-β-catenin signaling pathway is activated during CCC tumorigenesis (45) . Therefore, the antitumor effect of gemcitabine might be associated with miR-1260b inhibition. miR-222 was also recognized as oncogenic miRNA (39) (40) (41) (42) (43) . The cell cycle-dependent kinase inhibitor, p27Kip1 is the target gene of miR-222 (39, 40, 43) . Therefore, the downregulation of miR-222 led to G1 arrest. based on previous studies, our data suggest that the altered miRNA, particularly, the downregulation of miR-1260b and miR-222, may result from the antitumor effect of gemcitabine.
In Tables I and II , miR-3181 is shown as downregulated in both HuCCT-1 and TKKK cells. These data suggest that the change in miR-3181 expression might not be involved in the antitumor effects of gemcitabine. In contrast, while miR-6087, miR-3651 and miR-664b-3p were upregulated in gemcitabinetreated HuCCT-1 cells, these miRNAs were downregulated in TKKK cells. The results suggest that modulations in miR-6087, miR-3651 and miR-664b-3p expression following gemcitabine treatment might be an important factor in determining whether cancer cells are sensitive to gemcitabine.
In conclusion, our results revealed that gemcitabine inhibits HuCCT-1 cell proliferation by suppressing cell cycle-related proteins, especially cyclin d1. In addition, alterations in miRNA expression after gemcitabine treatment contribute to gemcitabine resistance. Aberrant miRNA or target molecule expression would provide a mechanism for the treatment of CCC using gemcitabine. Table III . Expression miR-6087, miR-3651 and miR-664b-3p was the opposite in the cell types (HuCCT-1, sensitive; TKKK, resistant) treated with gemcitabine. 
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